Abstract-Aging decreases the distensibility of large elastic arteries; however, the effects of age on the functional parameters of muscular, medium-sized arteries are not well determined. This study evaluated the consequences of aging on the functional parameters of the carotid and radial arteries in normotensive men. A total of 62 elderly subjects (aged 74Ϯ2 years) were compared with 87 young subjects (aged 35Ϯ3 years). Internal diameter and intima-media thickness (IMT) were measured by a high-resolution echo-tracking system to calculate distensibility and incremental elastic modulus (Einc). Although in the normal range, systolic and diastolic blood pressure levels were statistically different in the 2 groups at 128Ϯ19 and 74Ϯ13 mm Hg versus 121Ϯ27 and 71Ϯ18 mm Hg in the young and elderly subjects, respectively (PϽ0.05). At the carotid artery level, elderly subjects exhibited a greater IMT (742Ϯ144 versus 469Ϯ132 m; PϽ0.01) and internal diameter (7067Ϯ828 versus 6062Ϯ1026 m; PϽ0.01) than young subjects; elderly subjects also had lower distensibility (12Ϯ2 versus 21Ϯ2 kPa -1 ⅐ 10 -3 ; PϽ0.01) and higher Einc (0.9Ϯ0.2 versus 0.7Ϯ0.3 kPa ⅐ 10 3 ; PϽ0.01). At the radial artery level, both IMT (240Ϯ42 versus 218Ϯ51 m; PϽ0.01) and internal diameter (2685Ϯ432 versus 2491Ϯ444 m; PϽ0.01) were greater in elderly subjects, but no differences in distensibility and Einc were observed between the 2 groups. All differences remained significant, even after adjusting for mean blood pressure. These results indicate that the increase of the internal diameter and IMT observed during the aging process can have opposite effects on the functional parameters of large elastic or medium-sized muscular arteries. Key Words: aging Ⅲ carotid arteries Ⅲ radial artery T he aging process modifies the functional and structural parameters of the arterial tree. 1-3 These changes commonly include widening and elongation of large arteries and vessel-wall thickening. In addition to these geometrical changes, functional modifications are also observed, including a decrease in systemic arterial compliance and the cross-sectional distensibility of large elastic arteries. 4, 5 These modifications lead to an increase in systolic blood pressure and a decrease in diastolic blood pressure and result in a wider pulse pressure, which is associated with a higher cardiovascular risk in elderly subjects. 6, 7 Recent advances in ultrasound techniques have permitted the noninvasive determination of the internal diameter and wall thickness of medium-sized arteries, such as the radial artery, with high precision. 8 Although several studies have demonstrated that geometrical changes with aging are not homogeneous along the arterial tree, 9 the consequences of aging on functional parameters at the site of peripheral, predominantly muscular, middle-sized arteries are not yet established. Thus, the aim of our study was to compare the structural and functional modifications of the radial artery, a medium-sized muscular artery, and the carotid artery, a large elastic artery, in 2 groups of subjects that differed in age. Because arterial parameters are markedly altered during essential hypertension 10 and because significant modifications have been observed under antihypertensive therapies, 11 we studied only subjects with a history of normal blood pressure levels.
T he aging process modifies the functional and structural parameters of the arterial tree. [1] [2] [3] These changes commonly include widening and elongation of large arteries and vessel-wall thickening. In addition to these geometrical changes, functional modifications are also observed, including a decrease in systemic arterial compliance and the cross-sectional distensibility of large elastic arteries. 4, 5 These modifications lead to an increase in systolic blood pressure and a decrease in diastolic blood pressure and result in a wider pulse pressure, which is associated with a higher cardiovascular risk in elderly subjects. 6, 7 Recent advances in ultrasound techniques have permitted the noninvasive determination of the internal diameter and wall thickness of medium-sized arteries, such as the radial artery, with high precision. 8 Although several studies have demonstrated that geometrical changes with aging are not homogeneous along the arterial tree, 9 the consequences of aging on functional parameters at the site of peripheral, predominantly muscular, middle-sized arteries are not yet established. Thus, the aim of our study was to compare the structural and functional modifications of the radial artery, a medium-sized muscular artery, and the carotid artery, a large elastic artery, in 2 groups of subjects that differed in age. Because arterial parameters are markedly altered during essential hypertension 10 and because significant modifications have been observed under antihypertensive therapies, 11 we studied only subjects with a history of normal blood pressure levels.
Methods

Population
The study population was part of an outpatient population referred to our department for the prevention of atherosclerosis because of the presence of Ն1 cardiovascular risk factors (ie, hypertension, dyslipidemia, diabetes, and/or smoking). A total of 149 men with an clinical history of normal blood pressure (systolic blood pressure Ͻ140 mm Hg and diastolic blood pressure Ͻ90 mm Hg) were selected for the study. A normal blood pressure was confirmed after an automated recording of blood pressure (systolic, diastolic, and mean) with an oscillometric method (Dynamap, Critikon). Blood pressure was recorded every 3 minutes for 30 minutes with subjects in the supine position. In each subject, the mean value of 5 consecutive measurements after the tenth minute was Ͻ140 mm Hg for systolic blood pressure and Ͻ90 mm Hg for diastolic blood pressure.
The population was divided in 2 groups: the first group included subjects classified as "young" (age range, 30 to 45 years; mean age, 35Ϯ2 years), and the other group included subjects classified as "elderly" (age range, 70 to 85 years; mean age, 74Ϯ3 years). The criteria for inclusion were as follows: no history or clinical evidence of cardiovascular disease, absence of treatment by any cardiovascular drugs, and satisfactory technical conditions of the carotid and radial arteries. All patients gave informed, written consent, and the local ethics committee approved the study.
Hemodynamic Measurements of Radial and Carotid Arteries
The measurements of the arterial parameters were performed sequentially with the patient in a recumbent position in a quiet room. For the common carotid artery, measurements were performed on the right, 2 cm below the bifurcation, at the site of the distal wall, and distant from an atherosclerotic plaque, if present.
Radial Artery Parameters
A high-resolution, pulsed, echo-tracking device (NIUS 02; SMH), which has previously been described and validated for the measurement of radial parameters in humans, 9 was used. Briefly, the internal diameter and intima-media thickness (IMT) of the radial posterior wall were measured with electronic trackers that were positioned on specific peaks of the RF ultrasound signal that was acquired with a 10-MHz probe positioned at the wrist. The device presented an axial resolution of 160 m for absolute internal diameter or wall-thickness measurements and of 2.5 m for the same parameters during systolic-diastolic changes.
All data were processed by specific software (NIUS 02), and the system was coupled to a commercially available digital photoplethysmograph (Finapres system, Ohmeda, BOC Group Inc) for simultaneous blood pressure measurements. From the 2 simultaneous and continuous recordings of arterial diameter and blood pressure, the computerized data acquisition system derived the cross-sectional pressure curve, fitted it by use of an arctangent model with 3 independent parameters, 11 and then calculated the crosssectional distensibility pressure curves, which reflect the functional properties of the artery. In contrast to distensibility, which provides information about the elasticity of the artery as a hollow structure, the incremental modulus of elasticity (Einc) provides direct information on the elastic properties of the arterial wall, independent of vessel geometry. 12 We calculated Einc as 3 Dist
where WSCA is the mean wall cross-sectional area, LCSA is the mean lumen cross-sectional area, and Dist is the distensibility calculated from the pressure-diameter curve. WSCA is calculated as (Re 2 ϪRi 2 ), where Re is the mean external radius plus mean IMT and Ri is the mean internal radius. LCSA is calculated as (Dia) 2 /4, where Dia is the internal diameter measured in diastole. Mean internal diameter, wall thickness, distensibility, and elastic modulus were calculated by integrating the time course of the systolic-diastolic variations over 20 consecutive cardiac cycles.
Carotid Artery Parameters
The vessel-wall properties of the right carotid artery were assessed by a pulsed ultrasound echo-tracking system (Wall-Track System, Neurodata), which is based on the RF-signal analysis that has been described, validated, and used in previous clinical studies. 13 The accuracy of the system is 30 m for the diastolic diameter measurement and Ͻ1 m for the pulsatile change in diameter (systolic diameter minus diastolic diameter). Carotid pulse pressure was estimated as the difference between systolic and diastolic blood pressure, as measured with an oscillometric recorder (Dynamap Model 845, Critikon) at the site of the brachial artery, and obtained automatically. Operational distensibility and elastic modulus were defined as previously described. 13 
Statistical and Data Analysis
Data were expressed as meanϮSD, and ANOVA was used to compare arterial parameters between groups. Because blood pressure levels per se modify the values of arterial parameters, ANCOVA was performed for each arterial parameter, with mean blood pressure as the covariate. Statistical significance was assumed at PϽ0.05. Statistical analysis was performed with the General Linear Models package from NCSS 6.0 software (Statistical Solutions Limited). 14 Table 1 shows the clinical parameters observed in the 2 groups of subjects. Although in the normal range, blood pressure levels were statistically different in the 2 groups, with a higher pressure in the young group. Table 2 shows the functional and structural parameters obtained in the common carotid and radial arteries. For the carotid artery, elderly subjects exhibited a greater IMT and internal diameter than young subjects. Furthermore, the distensibility was lower and the Einc was higher in elderly subjects. For the radial artery, both IMT and internal diameter were greater in elderly subjects, but no difference in distensibility and Einc was observed between the 2 groups. Because blood pressure was different in the 2 groups, arterial parameters were compared after adjustments for mean blood pressure. All differences remained significant after the adjustment.
Results
Discussion
This study indicates that the aging process is associated with geometrical modifications of both large elastic and mediumsized muscular arteries, independent of blood pressure changes. Furthermore, enlargement of arterial diameter and thickening of the arterial wall have opposite effects on the functional parameters of these arteries. An alteration in elastic properties is observed for the carotid artery, but functional properties are preserved in the radial artery. Our results suggest that geometrical modifications associated with aging could be a means by which arteries try to maintain normal distensibility.
Several studies have described arterial changes associated with the aging process. 15 , 16 Kawasaki et al 17 studied the common carotid artery, abdominal aorta, femoral artery, and brachial artery in 39 subjects aged 6 to 81 years with an ultrasonic phase-locked echo-tracking system, and they observed a significant increase in the diameter of all arteries, with a reduction in the percentage change in diameter, with advancing age. They also demonstrated that the stiffness index increased with age in all arteries, but the age-associated increase in stiffness was statistically significant only in the common carotid artery and the abdominal aorta. 17 Our study reinforces the results obtained by this group and demonstrates more precisely that the functional parameters of different sites of the arterial tree respond differently with aging, independent of arterial pressure.
Another salient modification observed with aging is the lumen enlargement of arteries. This modification has been well described for large elastic arteries. To elucidate the causal factors for carotid arterial enlargement in elderly subjects, Bonithon-Kopp et al 18 assessed the association between arterial wall lesions and cardiovascular risk factors in 1272 men and women aged 59 to 71 years. A stepwise multiple regression analysis showed that male gender, body height and weight, common carotid artery IMT, plaque score, systolic blood pressure, and alcohol consumption were positively and independently related to lumen diameter. 18 However, an independent negative association was observed between LDL cholesterol and lumen diameter. In our study, the elderly subjects showed an increase in the internal diameter of the radial artery, although it was less prominent than that in the carotid artery. This result was not observed in a previous study by our group, 4 and we hypothesize that this was because of a too narrow range of age in the former study. The present study also demonstrated a significant increase in IMT with aging in both the carotid and radial arteries. As for the internal diameter, the increase in IMT was more pronounced in the carotid artery. Indeed, one of the main factors that influences IMT in the carotid artery is aging; other independent factors include blood pressure and body mass index. 19 Furthermore, in the radial arteries of never-treated hypertensive patients and normotensive subjects, IMT was independently predicted by age, gender, and mean blood pressure. 20 In contrast to the majority of other studies, we evaluated only normotensive subjects, which made it possible to study only the effects of aging on the vascular system, without the confounding factor of hypertension. In fact, essential hypertension and the aging process cause similar functional and/or structural modifications. 20 As a result, hypertension is often considered an accelerated form of vascular aging, and it has been shown that arterial distensibility decreases more rapidly with aging in hypertensive subjects than in normotensive subjects. 21 One limitation of our study is related to the significant difference in blood pressure levels between the groups, because arterial parameters are markedly influenced by the blood pressure level per se. For this reason, we performed ANCOVA with blood pressure as the cofactor. With this adjustment, the data were analyzed as if they were at the same level of arterial pressure. Because the results remained significant after adjustment, we can confirm that the differences observed in the arterial parameters were related to aging and not to differences in blood pressure.
In conclusion, our results suggest that at the site of distal, muscular, medium-sized arteries, aging-associated structural changes show a possible advantage by maintaining normal distensibility. However, in large arteries, the structural modifications associated with the aging process do not compensate for the changes in the arterial elastic properties. The higher cardiovascular risk observed in elderly subjects could also be the result of the geometrical and functional modifications detected in the vascular system. 
